
Solid State Communications 141 (2007) 141–144
www.elsevier.com/locate/ssc
Evidence for instability in charge ordering Nd0.5Sr0.5MnO3
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Abstract

The transport properties and magnetic phase transitions of charge ordering manganites Nd0.5Sr0.5MnO3 have been investigated. From
resistivity measurements, a continuous increase of resistivity upon the thermal cycling occurs at T ≤ 150 K, and shows an instable behavior in the
system. The experimental results of magnetization and electron-spin-resonance spectra indicate that the ferromagnetic phase and antiferromagnetic
phase coexist in a broad temperature region. We think that the origin of the instability stems from an inhomogeneous strain yielded in the
ferromagnetic interface, due to the competition among different phases.
c© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The hole-doped Ln(1−x)AxMnO3 (Ln = trivalent rare
earth, A = divalent alkaline earth) manganites have attracted
significant interest in the past decade because of their rich
physical properties and potential applications [1–4]. In-depth
investigations show that these rich properties originate from
coupling and competition among interactions involving spin,
lattice, orbit, and charge degrees of freedom [5–7]. Recently,
intensive attention has been paid to the investigation of charge
ordering (CO) and orbital ordering (OO) systems, which is most
easily observed in half-doped x = 0.5 manganites [8–10].
The spatial CO phase behaves as the periodic arrangement of
Mn3+/Mn4+ ions. Generally, the CO formation is accompanied
by an antiferromagnetic (AFM) phase transition. The ground
state, therefore, was usually assigned to be CO/AFM state.
By way of example, La0.5Ca0.5MnO3 is a ferromagnet in the
temperature regime TCO ≤ T ≤ TC (TCO = 190 K,
TC = 230 K), but transforms into a CO AFM insulator at
temperatures below TCO [11]. Similarly, Pr0.5Sr0.5MnO3 exists
in a ferromagnetic metallic state below 250 K and becomes a
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CO AFM insulator at 150 K [12]. Up to now, it has been well
confirmed that the CO state stems from the interplay between
Coulomb repulsion, orbital ordering and Jahn–Teller distortion.

Usually, the charge ordering state can keep stably in
manganites, except for the presence of some extreme exoteric
perturbations. For example, Tokunaga et al. [13] found that
the CO state still remained stable even under magnetic
fields up to 27 T in Pr(Nd)0.5Ca0.5MnO3. However, other
experimental evidences also show that the charge ordering state
can be easily adjusted by only a few impurity substitutions
on the Mn-sites. For the charge ordering manganites
Pr0.6Ca0.4MnO3 and La(Pr)0.5Ca0.5MnO3, the substitution
of Al3+, Fe3+, Ga3+, and Cr3+ for Mn3+ destabilizes
the CO phase very effectively, and induces ferromagnetism
and the insulator–metal transition at low temperatures [14–
16]. Meanwhile, an unusual phenomenon, instability, has
been found in the Cr-doped Pr0.5Ca0.5MnO3 compound by
Mahendiran et al. [17]. It shows transport properties depending
on the material’s thermal cycling history. They proposed
that the increase of the elastic energy in the ferromagnetic-
charge ordered interface might be the origin of the systematic
instability. Similarly, Kimura et al. [18] found that there are
submicrometric ferromagnetic-metallic domains and diffuse
phase transitions in the Cr-doped Nd0.5Ca0.5MnO3 system.
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Furthermore, the size of the FM cluster can be controlled
by a magnetic field. Therefore, a strain is easily developed
at the FM–AFM interface due to the competition between
these two phases. The appearance of this strain inevitably
influences the material’s systematic behavior, and thus results
in the instability. Therefore, the competition between some
different phases should be the intrinsic reason for instability
regardless of whether it is in the doped CO system or undoped
CO system. We notice that the property in CO manganite
Nd0.5Sr0.5MnO3 is slightly different from that in other CO
systems, because its ground state exhibits a coexistence of FM
and CE-type AFM phases instead of a single CO-AFM ground
state as in other CO systems [19]. Therefore, we suppose
that the instable behavior also shows in the Nd0.5Sr0.5MnO3
system. In this paper, we firstly reported an instable behavior
in the undoped CO system based on the observation of a
continuous increase of resistivity through the thermal cycling
process for seven iterations. Moreover, the instable region in
the resistivity curve just corresponds to the thermal hysteresis
region in the magnetization curve. It indicates that the presence
of an instability is related to the systematic magnetism. By
the measurement of magnetization and electron-spin-resonance
(ESR) spectra, the coexistence of FM phases and the CO
AFM phase was discovered in low temperatures. Therefore,
we propose that the intense competition during the magnetic
transition from the FM phase to the AFM phase, or from the
AFM phase to the FM phase, results in the presence of a strain
and the existence of instable behavior in the CO system.

2. Experiment

A polycrystalline sample Nd0.5Sr0.5MnO3 was prepared by
the conventional solid-state reaction method with high pure
Nd2O3, SrCO3, and MnO2, as the starting materials. The
mixture was preheated in air at 900 ◦C for 24 h. Afterwards,
the powder was ground and heated at 1200 ◦C for 30 h. Finally,
it was reground, palletized and sintered for another 40 h at
1350 ◦C, and was cooled down to room temperature within
the furnace. The structure and phase purity of the prepared
sample was checked by powder X-ray diffraction (XRD), using
Cu Kα radiation at room temperature. The XRD patterns show
that the samples exhibit a single-phase orthorhombic structure.
The resistivity (ρ) was measured by the standard four-probe
method. The magnetization (M) measurement was performed
using a Quantum Design Superconducting Quantum Interferece
Device under a 0.01 T magnetic field in the range of 5–300 K.
The electron-spin-resonance spectra were obtained from JES-
FA200 spectrometer at 9.06 GHz.

3. Results and discussion

The temperature dependence of the resistivity ρ(T ) curves
for the Nd0.5Sr0.5MnO3 sample is shown in Fig. 1. All thermal
cycling processes are performed firstly from room temperature
down to low temperature, and then back to room temperature.
Such a thermal cycling process is repeated seven times. In
the first one, with the decrease of temperature, the resistivity
gradually increases and then slightly decreases around the
Fig. 1. Temperature dependence of resistivity for seven succesive thermal
cycling runs in Nd0.5Sr0.5MnO3.

temperature T = 240 K. The presence of this small peak
indicates the existence of an insulator–metal transition at
236 K. With the further decrease of temperature, the resistivity
keeps on decreasing, but abruptly shifts to a rise near the
temperature T = 127 K, exhibiting a change transition from
a disordering state to an ordering state. Below T = 50 K, the
resistivity almost remains unchanged. In the warming process,
the variation of ρ(T ) curve is basically similar to that in the
cooling process, except that a larger resistivity occurs in the
temperature range of 50–150 K, which results in a considerable
thermal hysteresis in ρ(T ) curve. In the subsequent thermal
cycles, though the shape of ρ(T ) curves is similar to each
other, an important variation should be clearly noticed. Below
T = 150 K, the resistivity in the thermal hysteresis region
and at the lowest temperature becomes larger and larger upon
the increase of thermal cycling, similar to the behavior of the
Cr-doping Pr0.5Ca0.5MnO3 system [17]. This phenomenon has
not ever been reported in Nd0.5Sr0.5MnO3 before. Therefore,
an instable behavior can also occur in the pristine charge
ordering system, rather than only in the system which is
substituted with impurities on Mn-sites. In the charge ordering
manganites, electronic transport is strongly correlated with
the magnetic transition. Therefore, we investigate its magnetic
phase transition as follows.

As shown in Fig. 2, the magnetization was measured with
a zero-field-cooling mode for the Nd0.5Sr0.5MnO3 sample
in the temperature range of 5–300 K. With the decrease of
temperature, the magnetization starts to increase at T =

250 K, exhibiting a typical paramagnetic–ferromagnetic phase
transition. It just corresponds to the insulator–metal transition
in the ρ(T ) curve. At 150 K, the magnetization inclines toward
saturation. However, below 150 K, the magnetization drops
rapidly, and the transition is finished in a very narrow region.
Here, the decrease of magnetization not only exhibits the
presence of an FM–AFM phase transition, but also implies the
formation of a charge ordering state. This result is in agreement
with the previous ones reported by López and Kajimoto [20,
21]. At the lowest temperature, the ground state is dominated
mainly by the AFM phase, but a fraction of FM phase remains
in the system, as shown from the residual magnetization in
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Fig. 2. Temperature dependence of the magnetization for Nd0.5Sr0.5MnO3;
the inset shows the temperature variation of the cooling magnetizations (O) and
the warming magnetizations (M).

the M(T ) curve. The inset of Fig. 2 shows the warming and
cooling magnetization curve for the Nd0.5Sr0.5MnO3 sample.
In the temperature region 100 K ≤ T ≤ 150 K, it
exhibits thermal hysteresis as well. Obviously, this behavior
is related to the thermal hysteresis in the ρ(T ) curve at the
same temperature. Moreover, both the charge ordering phase
and FM–AFM (AFM–FM) phase transition also occur in this
temperature region. Therefore, in order to shed additional light
on this phenomenon, the systematic micromagnetism has been
investigated.

It is well known that ESR is highly sensitive to both minor
magnetic phases and short-range interactions, and has been
widely applied to research the micromagnetic properties of
manganites [22–24]. Fig. 3 shows the ESR spectra for the
Nd0.5Sr0.5MnO3 sample in the temperature range 110–300 K.
Clearly, there is only a single line, with a Lorentz function
shape, in each spectrum from 300 K to 250 K. This signal
has been referred primarily to the contribution of the PM Mn
ions [25]. However, beginning from 240 K, the site of the
resonance peak slowly moves to the low field region with the
decrease of temperature. Connecting this with the magnetic
transition in the M(T ) curve, we can understand that it is due
to the appearance of the FM phase. With further decreases
of temperature, the FM resonance peak continually shifts to
the lower field region, while its intensity starts to reduce at
T = 210 K. At the same time, the previous PM peak is
broadened slowly, until about 150 K, when this broadened peak
has become an obvious single peak. Moreover, the nascent peak
shifts to the high field region, which should be attributed to
the AFM resonance peak [26]. However, the FM peak still
remains in the low field region. As we know, in the study of ESR
spectra, the peak-to-peak width 1Hpp and the resonance field
Hr reflect the interaction of spins with their environment [27].
Generally, in the homogenous magnetic system, the variation
of 1Hpp initially linearly decreases from high temperatures
to TC , and then increases with further decreasing temperatures
below TC . Some relaxation mechanisms, such as spin–lattice
relaxation and the bottlenecked spin relaxation [28,29], are
used to explain the variation. Fig. 4 shows the temperature
dependence of 1Hpp and Hr . Obviously, their variations are
opposites. In low temperatures, the rise of resonance field and
the diminution of peak-to-peak width reflect the presence of
magnetic inhomogeneity. Therefore, the results of ESR spectra
and magnetization indicate that the current system is composed
of two phases instead of a single phase. In fact, in the M(T )

curve, the magnetic transition has tended to become mild since
T = 200 K, which implies that some nano-AFM clusters have
started to appear even though the CO phase transition occurs at
T = 150 K. Furthermore, from the ESR spectra, we can find
that its intensity has been partly weakened since T = 210 K.
Therefore, the coexistence of the FM phase and the AFM
phase is prior to the CO phase transition. With the decrease of
temperature, even though the FM phase tends to reduce while
the AFM phase becomes dominant, there is a small portion of
FM state that survives in the AFM environment.

As noted in the introduction, Mahendiran et al. [17]
found instability in the Cr-doped Pr0.5Ca0.5MnO3 compound.
Due to the substitution on Mn-sites, the long-range CO
phase was separated into some short-range ones. Hence, spin
Fig. 3. Electronic spin resonance spectra of Nd0.5Sr0.5MnO3 at different temperatures.
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Fig. 4. The temperature variation of the peak-to-peak width 1Hpp (•) and the
resonance field Hr (N) from ESR spectra.

fluctuations and metastability are introduced into the system,
which weakens the magnetic coupling. Here, even though
the charge/spin structure in Mn–O–Mn layer is maintained,
the competition between the FM phase and the AFM phase
produces the inhomogeneous strain. The inhomogeneous
strain will cause some metastability, similar to the diffuse
ferromagnetism noted in the Cr-doped Nd0.5Ca0.5MnO3
system [18]. Because the FM and AFM phases coexist in the
present system, the inhomogeneous strain is produced at their
interface due to microstructure discrepancies between them. It
inevitably influences the domain motion and the growth of the
FM/AFM phases. At the end of the thermal cycling, the domain
boundary is gradually changed because the accommodation
strain is relaxed at the interfacial region, which not only causes
the different ρ(T ) in every thermal cycle, but also increases
the resistivity at low temperatures. Thus, resistivity instability
through the thermal cycling process is observed.

4. Conclusion

In summary, the transport and magnetic properties of
Nd0.5Sr0.5MnO3 have been studied. A continuous increase of
resistance through the thermal cycling process was observed,
exhibiting an instable behavior in the system. The measurement
of magnetization and ESR indicates that the FM phase coexists
with the CO AFM phase at low temperatures. We propose that
an intense competition between the FM phase and AFM phase
results in the presence of a strain, which is responsible for the
existence of the instable behavior in the current CO system.
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